Mannitol dehydrogenase (MDH) was purified and characterised from Lactobacillus sanfranciscensis. Two peptide fragments of MDH were N-terminally sequenced for the first time in the genus Lactobacillus. The purified enzyme had an apparent molecular mass of 44 kDa and catalysed both the reduction of fructose to mannitol and the oxidation of mannitol to fructose. The K m value for the reduction reaction was 24 mM fructose and that for the oxidation 78 mM mannitol. The optimum temperature was 35 ‡C, the pH optima for the reduction or oxidation were 5.8 and 8, respectively.
Introduction
Sugar alcohols are obtained through hydrogenation of mono-and disaccharides. The most common sugar alcohols derived from monosaccharides are sorbitol, mannitol, xylitol and erythritol. Most of these sugar alcohols are chemically converted from corresponding sugars using a metal catalyst such as raney-nickel [1] . Mannitol is a naturally occurring sugar alcohol with six carbon atoms. It occurs in diverse fruits, vegetables and algae and can be produced by several fungi and bacteria [2] . Due to its favourable properties such as sweet taste (relative sweetness to sucrose V50%), low caloric value (1.9 kcal g 31 ), tooth friendliness and insulin-independent metabolism by humans, mannitol has found extensive application in the pharmaceutical and food industry [3, 4] . In the last years, the low yield of mannitol (30% mannitol and 70% sorbitol) by the chemical conversion of glucose/fructose mixture led to an intensive search for alternative biotechnological processes [5] . Fungi, yeasts and in particular heterofermentative lactic acid bacteria (LAB) are known as potent mannitol producers. Generally, heterofermentative LAB have the potential to use fructose as electron acceptor and reduce it to mannitol. Species of the genus Lactobacillus with the ability to produce mannitol have recently been reviewed by Wisselink et al. [6] and von Weymarn et al. [7] . Other species belonging to the genera Leuconostoc, Oenococcus and Streptococcus have also been reported to produce mannitol. Another alternative for mannitol production is the enzymatic synthesis from fructose by the action of mannitol dehydrogenase (MDH) that catalyses the following reaction:
Slatner et al. [8] described the enzymatic production of pure mannitol from fructose using MDH from Pseudomonas £uorescens. A fructose reduction productivity of 2.25 g l 31 h 31 was obtained at a ¢nal mannitol concentration of 72 g l 31 and fructose conversion of 80%. LAB mannitol dehydrogenases were puri¢ed and characterised from Lactobacillus brevis [9] and Leuconostoc mesenteroides [10, 11] . Lactobacillus sanfranciscensis belongs to the microbial £ora of traditionally prepared wheat and rye sourdoughs [12] . The strain L. sanfranciscensis LTH2590 was shown to produce mannitol from fructose with virtually quantitative yield. In a fed batch process in simpli¢ed bran extract medium with commercial fructose/glucose mixture a ¢nal mannitol concentration of 60 g l 31 was obtained [13] . The production of mannitol by an enzyme-puri¢ed form of L. sanfranciscensis, that belongs to the micro-organisms generally recognised as safe, might be a signi¢cant improvement over the chemical production method. Consequently, the aim of this study was to purify and characterise the mannitol dehydrogenase from L. sanfranciscensis. 
Materials and methods
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Enzyme assays and protein determination
MDH activity was determined spectrophotometrically. For reduction, 20 Wl enzyme fraction was mixed with 300 Wl 50 mM fructose and 300 Wl 0.3 mM reduced nicotinamide adenine dinucleotide (NADH) in 50 mM Naphosphate bu¡er (¢nal pH 7.3). The absorbance at 340 nm was determined over 5 min in intervals of 30 s at room temperature. One unit mannitol dehydrogenase activity was de¢ned as the formation of 1 Wmol NAD þ per min at 25 ‡C in the fructose-reducing direction or 1 Wmol NADH per min in the mannitol-oxidising direction. Protein concentrations were determined by the method of Bradford with the standard assay kit from Bio-Rad (Munich, Germany). Albumin fraction V was used as standard. Screening of MDH activity during the puri¢cation procedure was carried out in a microtitre plate assay using Spectra£uor (Tecan, Salzburg, Austria).
Preparation of the crude extract, puri¢cation of MDH and determination of the N-terminal amino acid sequence
For preparation of crude extract, 1 l culture of L. sanfranciscensis was grown for 16 h, the cells were harvested (15 min, 5000Ug) and washed twice in bu¡er A of phenyl Sepharose column (50 mM sodium dihydrogenphosphate and 1 M ammonium sulfate, pH 6.5). The cells were resuspended in the same bu¡er at a concentration of 1 g cells (wet weight) in 4 ml bu¡er and subsequently disrupted by ultrasonication at 4 ‡C. The cell debris was removed by centrifugation (15 min, 15 000Ug) and the supernatant was used as crude extract. 15 ml crude extract (three runs) was loaded on a phenyl Sepharose hydrophobic interaction column (HiLoad1 16/10, £ow rate 1.5 ml min 31 , Pharmacia Biotech, Uppsala, Sweden) equilibrated with bu¡er A (50 mM sodium dihydrogenphosphate, 1 M ammonium sulfate, pH 6.5). A gradient from bu¡er A to bu¡er B (50 mM sodium dihydrogenphosphate, pH 6.5) was applied and fractions were collected from 0% B to 100% B and screened for MDH activity. Active fractions (16^26% B) were pooled and dialysed overnight at 4 ‡C against 2 l 50 mM sodium dihydrogenphosphate, pH 6.5. The dialysed sample was loaded on an anion exchange column (UNO1 Q1R, £ow rate 1 ml min 31 , Bio-Rad, Munich, Germany) equilibrated with 50 mM sodium dihydrogenphosphate, pH 6.5 (bu¡er A). The sample was eluted with 50 mM sodium dihydrogenphosphate, 0.6 M NaCl, pH 6.5 (bu¡er B). Fractions with MDH activity (30^37% B) were pooled and dialysed for 6 h at 4 ‡C against 1 l 10 mM sodium dihydrogenphosphate, pH 6.2. The dialysed sample was applied on a hydroxyapatite column (Econo-Pac CHTII, £ow rate 1 ml min 31 , BioRad) equilibrated with 10 mM sodium dihydrogenphosphate, pH 6.2 (bu¡er A). The sample was eluted with bu¡er B (200 mM sodium dihydrogenphosphate, pH 6.2), the fractions with MDH activity (23^28% B) were pooled and stored at 4 ‡C for further studies. Approximately 1^5 Wg of total protein after each puri¢cation step and 0.5 Wg of puri¢ed protein were applied for SDS^PAGE using the bu¡er of Laemmli [14] and 12.5% polyacrylamide gel. The gels were stained with Coomassie Roti 0 -blue (Roth, Karlsruhe, Germany) and the obtained pattern was con¢rmed by another silver-stained gel. The puri¢ed band was cut out from a Coomassie stained gel and digested with an endoproteinase Lys-C 0 (Roche, Basel, Switzerland). The N-terminal amino acid sequences of two peptide fragments separated by high-performance liquid chromatography (HPLC) from the digested puri¢ed enzyme were determined by automated Edman degradation (Toplab, Martinsried, Germany).
Characterisation of MDH
K m and V max were determined for the reduction and oxidation reaction as a function of fructose and mannitol concentration, respectively. For the reduction step 300 Wl 0.3 mM NADH in 50 mM Na-phosphate bu¡er was mixed with 300 Wl fructose at concentrations ranging from 2 to 600 mM (¢nal pH 7.3), the reaction was started by the addition of 20 Wl puri¢ed enzyme (protein concen-tration 34 Wg ml 31 ). For the oxidation step 300 Wl 3 mM NAD þ in 50 mM Na-phosphate bu¡er was mixed with 300 Wl mannitol at concentrations ranging from 20 to 1200 mM and the reaction was started by 20 Wl puri¢ed enzyme. The slope of the absorbance kinetic measured over 5 min in 30 s intervals at 25 ‡C and 340 nm was used for the determination of the speci¢c activity, which was plotted against the ¢nal substrate concentration in the reaction mixture. The e¡ect of the temperature on the enzyme activity was measured in the range of 10^45 ‡C in the same reaction mixture (fructose concentration 50 mM) as described above. For the determination of the pH optimum of the reduction step, solutions of 500 mM fructose and 3 mM NADH in water were prepared and diluted (1:10) with 50 mM Na-phosphate bu¡ers at pH values ranging from 4 to 8. 300 Wl fructose in phosphate bu¡er at certain pH was mixed with 300 Wl NADH in phosphate bu¡er with the same pH value and the reaction was started by the addition of 20 Wl puri¢ed enzyme. The slope of the absorbance kinetic measured at room temperature and 340 nm was determined. The speci¢c activity was plotted against the pH measured in the ¢nal reaction mixture. The pH optimum of the oxidation step was determined in the same way as described for the reduction step. The e¡ect of NH 4 Cl, MnCl 2 , CaCl 2 , NiCl 2 , ZnCl 2 , LiCl, MgCl 2 , FeCl 2 , KCl, EDTA and SDS at a ¢nal concentration of 10 mM on the enzyme activity was determined with fructose at 37 ‡C in a microtitre plate assay using Spectra£uor (Tecan, Salzburg, Austria) in the same reaction mixture as described above. The enzyme activity was expressed as a percentage of the activity without addition of e¡ector (control). For the investigation of the substrate speci¢city of the oxidation reaction mannitol, sorbitol, arabitol or xylitol was used as substrate (¢nal concentration 50 mM) and NAD þ or NADP þ as cofactor. For the reduction reaction, fructose, glucose, arabinose, xylose or mannose was used as substrate (¢nal concentration 50 mM) and NADH as cofactor. The enzyme activity was measured at 37 ‡C and expressed as a percentage of the activity determined with mannitol and NADP þ or with fructose and NADH. All experiments for the characterisation of MDH were carried out at least in duplicate and the results were presented as mean þ standard error. The coe⁄cient of variation between two measurements by the determination of K m and V max values was generally in the range 5^10%.
Results and discussion
Puri¢cation of MDH and determination of the N-terminal amino acid sequence
Maltose or glucose utilisation by heterofermentative lactobacilli results in the formation of CO 2 , lactate and ethanol. In the presence of electron acceptors, e.g. fructose, citrate, fumarate or malate, heterofermentative lactobacilli are able to gain additional ATP and acetate is produced instead of ethanol [12] . The reduction of fructose to mannitol with concomitant oxidation of NADH to NAD þ is catalysed by MDH. The puri¢cation and characterisation of MDH is necessary for the enzymatic production of mannitol as well as for a possible use for enzymatic determination of fructose or mannitol. MDH was puri¢ed from crude extract of L. sanfranciscensis TMW 1.392 grown on sucrose. The puri¢cation procedure for MDH of L. sanfranciscensis is summarised in Table 1 . The mannitol de- hydrogenase was puri¢ed 15-fold to homogeneity with a yield of 7% and a speci¢c activity of 15 U mg 31 . Chromatography puri¢cation steps were evaluated by 12.5% SDS^PAGE as shown in Fig. 1 . Puri¢ed MDH showed an apparent molecular mass of 44 kDa on SDS^PAGE (Fig. 1) , and 53 kDa by gel permeation chromatography (data not shown). The puri¢ed enzyme of L. sanfranciscensis was separated on SDS^PAGE, cut out from the gel and digested with an endoproteinase. The N-terminal amino acid sequences of two internal peptide fragments obtained after the digestion were determined by automated Edman degradation as TVVAVNPNLK and LTHVVNT-XK(F/E). The sequences showed no homology to any published amino acid sequences. The molecular mass of MDH of L. sanfranciscensis was similar to other MDHs isolated from Gluconobacter suboxydans with 50 kDa [15] and P. £uorescens with 56 kDa [16] . Although several MDHs have been isolated from microorganisms, only the enzymes from Lc. mesenteroides [17] , P. £uorescens [16] and Rhodobacter sphaeroides [18] have been characterised on the protein level. Since no MDH amino acid sequences are known from the genus Lactobacillus, the sequences of the peptide fragments of MDH from L. sanfranciscensis were compared with MDH sequences of Lc. mesenteroides, P. £uorescens and R. sphaeroides, and the comparison revealed no similarities. Alignments of the amino acid sequences of known MDHs have shown low similarities, the sequences of the MDHs from P. £uores-cens and R. sphaeroides were about 40% similar and about 20% similar to other members of the mannitol dehydrogenase family, e.g. mannitol-1-phosphate dehydrogenase [18] .
Characterisation of MDH
The ability of the puri¢ed enzyme to reduce fructose to mannitol was evaluated by HPLC (data not shown). The apparent K m and V max values were determined for the reduction and oxidation reactions catalysed by MDH of L. sanfranciscensis. The K m value for the reduction of fructose to mannitol was 24 mM fructose and the V max was 29 U mg 31 . The K m value for the oxidation step was 78 mM mannitol and the V max was 20 U mg 31 (Fig. 2) . The plotting of the data using a Lineweaver^Burk diagram resulted in a linear regression (r 2 s 0.98), con¢rming Michaelis^Menten kinetics for both steps, and the K m values were 28 mM fructose for the reduction step and 89 mM mannitol for the oxidation step (data not shown). K m values for the reduction of fructose to mannitol reported from other MDHs varied from 12 to 71 mM fructose, and for the oxidation of mannitol to fructose from 10 to 60 mM mannitol [9, 11, 15, 17] . The optimal temperature for the reduction of fructose to mannitol by L. sanfranciscensis was found to be 35 ‡C at pH 7.3 (Fig. 3A) . The pH optimum for the reduction of fructose to mannitol was 5.8 and for the oxidation of mannitol 8, as shown in Fig. 3B . Similar di¡erences in pH optimum for the reduction and oxidation reactions were observed by L. brevis and Lc. mesenteroides (for reduction, pH 5.8 and oxidation, 8.6), and may be attributed to the participation of H þ in the reaction [9, 11] .
The puri¢ed MDH of L. sanfranciscensis exhibited a narrow substrate spectrum. The preferred substrate for oxidation was mannitol and MDH showed low activity ( 6 3% of that of mannitol) for sorbitol, arabitol and xylitol. Fructose was the sole substrate reduced by MDH and no reduction activity was detected with glucose, arabinose, xylose or mannose. The speci¢city of some MDHs only for fructose and mannitol was also observed by L. brevis [9] and Lc. mesenteroides [11] . A narrow substrate speci¢city of MDH is desirable for a possible application for enzymatic determination of fructose or mannitol. Regarding cofactor requirement, NADPH-or NADH-dependent MDHs have been reported. Oxidation and reduction reactions of G. suboxydans MDH were speci¢cally catalysed with NADP þ and NADPH [15] . NAD þ -dependent MDHs were described from P. £uorescens and Lc. mesenteroides [19, 11] . MDH of L. sanfranciscensis used either NADP þ or NAD þ as cofactor. However, the oxidation velocity with NADP þ was higher than with NAD þ , 40% of the mannitol was oxidised with NAD þ compared to the mannitol amount oxidised with NADP þ . The e¡ect of metal ions or organic compounds on the MDH activity of L. sanfranciscensis is shown in 
